Anxious individuals acutely monitor and reflect on their performance (Messer, 1970) , suggesting heightened performance monitoring as a marker of and possible mechanism for anxiety problems (Olvet & Hajcak, 2008 ). Yet, previous work has focused on symptoms in clinically anxious adults. To examine performance monitoring as a marker of risk rather than correlate of symptoms, the current study tested links between early risk for anxiety problems and preschool performance monitoring.
The error-related negativity (ERN) is an event-related potential (ERP) that, in adults, peaks at frontocentral midline scalp recording sites 50 to 100 msec following an incorrect behavioral response (Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991) . The ERN likely reflects a general process of performance monitoring, signaling a need to change behavior to improve performance (Falkenstein, Hoormann, Christ, & Hohnsbein, 2000) . A similar ERP follows correct responses (Correct Trial Negativity [CRN] ), but at smaller amplitudes than ERN, suggesting specificity of the ERN to errors.
ERN has now been elicited in children as young as 4 years of age (Brooker, Buss, & Dennis, 2011) . While largely replicating adult work, studies of young children have suggested a more broadly distributed ERN than in adults (Brooker et al., 2011; Torpey, Hajcak, & Klein, 2009) , and more variability in young children relative to adults and to older children (Davies, Segalowitz, & Gavin, 2004 Previous research has reported links between enhanced ERN and concurrent anxiety symptoms as early as adolescence (Ladouceur, Dahl, Birmaher, Axelson, & Ryan, 2006) . Only one study has examined an early risk factor for anxiety problems, temperamental fearfulness, as a predictor of ERN. McDermott and colleagues (2009) showed that children who had high mean levels of temperamental fear between 14 months and 7 years of age had greater ERN amplitudes at age 15 than did less-fearful children. Yet, similar to work with anxious adults, a subset of adolescents had already developed clinically significant anxiety problems by the time ERN was assessed. Thus, it difficult to determine whether ERN marked anxiety risk or the presence of symptoms. A more optimal time for testing associations between ERN and early risk is during the preschool years, as cognitive control processes such as performance monitoring are rapidly developing (Rothbart, 2011) and most children have not yet developed disorders. To show that early fearfulness predicts ERN in early childhood would provide evidence that performance monitoring is a plausible mechanism by which early fearfulness transitions into symptoms of anxiety.
To that end, we tested whether individual differences in temperamental fearfulness during toddlerhood were related to ERN during preschool. We hypothesized that ERN would be accentuated in highly fearful children.
METHOD Participants
Sixty-six families who visited the laboratory at child age 2 years as part of a longitudinal study of emotional development were invited to participate in the current study. Inclusion criteria required children being 4.5 years of age and free of known developmental delays, neurological impairments, and psychostimulant medications. One invited family withdrew from the project, 7 families did not respond, 3 families had moved away from the area, 13 families declined participation, and 1 family failed to show for their laboratory visit. Thus, the final sample included 41 preschoolers (20 girls; M age = 4.59; SD = 0.13). Consistent with local demographics, participants were largely Caucasian (87.5%) and middle class.
Procedure and Measures
Fearfulness during toddlerhood. We focused on fear during a novel, 3-minute puppet show during the age 2 laboratory visit (Buss, 2011) . Fearfulness was quantified as a standardized composite of latency to freeze (reverse scored) and durations of facial fear, bodily fear, freezing, and proximity to mother (agreement: 86-91% and κ = 0.73-0.81). Children whose fearfulness scores fell in the lowest third of the distribution (n = 13) were labeled low fear, children in the middle third of the distribution (n = 13) were labeled moderate fear, and children in the highest third of the distribution (n = 15) were labeled high fear. Sex of child was unrelated to group membership (χ 2 [2] = 1.35, p > .10). All three groups significantly differed in toddler fearfulness (F(2, 39) = 95.67, p < .01), with high-fear children showing the most fear and low-fear children showing the least fear.
Preschool ERN. At age 4.5 years, children returned to the laboratory and were fitted with a 128-channel Hydrocel Geodesic Sensor Net (Electrical Geodesics, Inc.) Rueda et al., 2004) , completed on a Dell PC using E-Prime 1.1 (Psychology Software Tools, Inc: Pittsburgh, PA). An ANT session consisted of two experimental blocks of 64 trials. Each trial began with the presentation of a fixation cross for 400 msec. On some trials, a warning cue was subsequently presented for 150 msec and represented one of three conditions: spatial cue, double cue, or no cue. Because they were not relevant to study hypotheses, cue conditions were collapsed in the current study. Following a second fixation period of 450 msec, the target fish and four flanker fish appeared and remained on the screen until a response, indicating the direction faced by the target fish, occurred or 1,700 msec had elapsed. Accuracy and response time were recorded.
EEG was recorded using NetStation (version 4.3.1) acquisition software (Electrical Geodesic, Inc.: Eugene, OR). Data were sampled at a rate of 500 Hz with a gain of 1,000. Prior to data collection, impedances were reduced to less than 80 k . EEG data were filtered during acquisition using a 0.1 Hz highpass filter and a 100 Hz lowpass filter. All channels were referenced to Cz during data collection and rereferenced offline to an average of the two mastoid channels. Data from each participant were submitted to an Independent Components Analysis in EEGLab Version 8.0.3b (Delorme & Makeig, 2004) in order to extract eye blink and eye movement artifacts.
Data processing was performed in Brain Vision Analyzer (BVA; Brain Products: Gilching, Germany). EEG data were high-pass filtered at 0.10 Hz (12 dB rolloff) and low-pass filtered at 20 Hz (12 dB rolloff). Segments (1600 ms) were extracted beginning 600 msec prior to participant responses. Segments were baseline corrected by subtracting the average activity from -600 to 0 msec from each data point. Remaining trials were rejected when one of the following criteria were met: a step of more than 75 µV occurred between data points, a difference of 150 µV occurred in a single segment, amplitudes exceeded ±200 µV within a trial, or amplitudes were below 0.5µV during any 50 msec period. Trials were visually inspected for remaining artifacts. An average of 6.17 (SD = 3.46) trials per person were rejected across trial types. Grand averages for artifact-free segments were created for correct and error trials (Table 1) . Trials were excluded if reaction times occurred outside of a 200-1,600 msec time window.
An automated procedure was used to quantify CRN and ERN as the mean voltage surrounding the greatest negative deflection in the time window from -100 to +100 msec (+/-20 msec) around the response. ERN amplitudes were quantified at Fz, Cz, and Pz electrodes. Scored in this way, greater ERN corresponds to greater negative amplitudes during error trials. ANT performance was uncorrelated with ERN at Fz (r = .01, p > .10), Cz (r = .02, p > .10), or Pz (r = −.16, p > .10).
Missing data. ERP averages were not created for participants with less than six usable trials (Pontifex et al., 2010) , resulting in the exclusion of data from five children without a sufficient number of error trials. Thus final analyses are based on data from 36 children (14 high fear, 10 moderate fear, 12 low fear). Children with and without ERP data did not differ in fear group membership (χ 2 [2] = 2.11, p > .10).
RESULTS
One child had an ERN at Pz greater than 3.5 SD away from the sample mean and was removed as an outlier. Analyses included an examination of response time data followed by a Repeated Downloaded by [Montana State University Bozeman] at 10:25 09 January 2014 Measures ANOVA (Greenhouse-Geisser corrected probability values) to test whether fearfulness in toddlerhood was linked to ERN during preschool. We report the highest-ordered significant effect (F quad or F lin ) for each analysis below. For nonsignificant effects, main effects Fs (F main ) are reported.
Response Time Data
Reaction time and accuracy data from the ANT are presented in Table 1 . Although the pattern of means suggested that response times were faster for error trials (M = 904.52, SD = 199.41) relative to correct trials (M = 937.96, SD = 142.72), as is typical, this difference was not significant (t(39) = -1.54, p > .10). Differences in response times for correct and error trials was similar across all three fear groups (F(1,37) = 1.05, p > .10).
There was a significant difference, however, between response times following correct (i.e., post-correct) and error (i.e., post-error) trials (t(39) = -2.59, p = .01, Cohen's d = .20). This effect was driven by post-error slowing in the high-fear children (t(14) = -3.07, p < .01, d = .34). Significant post-error slowing was not observed in the low-fear (t(12) = -1.17, p > .10) or moderate-fear groups (t(11) = -0.10, p > .10). Fear group did not predict overall performance (% correct) on the task (F(2,40) = 1.29, p > .10).
Toddler Fearfulness Predicts Preschool ERN
A 3 (Electrode: Fz, Cz, and Pz) × 2 (Trial Type: Correct and Error) repeated measures ANOVA including fear status (high, moderate, low) as a between-subjects factor was conducted to determine whether toddler fearfulness was associated with preschool ERN. A significant main effect of Downloaded by [Montana State University Bozeman] at 10:25 09 January 2014 trial type confirmed that errors were associated with greater negativity than correct trials (F lin (1, 30) = 10.55, p < .01, η 2 p = .26), consistent with the presence of ERN. Similarly, mean levels of negativity differed across electrode sites (F quad (1, 30) = 10.78, p < .01, η 2 p = .26). A significant interaction between electrode site and trial type suggested that the difference between error negativity and correct trial negativity varied as a function of electrode site (F lin (1, 30) = 4.40, p < .05, η 2 p = .13). Of particular interest for the questions of the current study, main effects were subsumed under a significant three-way interaction among electrode site, trial type, and fear status (F quad (2, 30) = 3.52, p < .05, η 2 p = .19). The three-way interaction was probed by rerunning the repeated measures ANOVA separately for each fear group. As shown in Figure 1 , Low-fear children did not show greater negativity to error trials than to correct trials (F main (1, 10) = 0.10, p > .10), precluding the possibility of an ERN.
In the moderate fear group, the difference between error negativity and correct trial negativity varied across electrodes (F lin (1, 8) = 4.84, p = .05, η 2 p = 0.38). Error trial negativity was greater than correct trial negativity at Fz (t(9) = -3.07, p < .05, d = 1.30), but not at Cz (t(8) = 0.10, p > .10) or Pz (t(9) = -1.62, p > .10).
In the high fear group, error-trial negativity was greater than correct-trial negativity (F lin (1, 12) = 10.41, p < .01, η 2 p = 0.46). This effect did not differ across electrodes (F main (2, 24) = 1.40, p > .10).
DISCUSSION
We showed that fearfulness during toddlerhood predicted individual differences in ERN during preschool. Fear-related differences in ERN were visible as group-differences in distribution rather than amplitude. Like adults, moderately fearful children showed ERN at Fz while highly fearful children showed ERN across all electrode sites. Given that early developing brain regions are overtaken by later-maturing structures during development (Bachevalier & Mishkin, 1984) , a developmental shift in maxima from posterior to anterior regions has thus been interpreted as ERN maturation; thus, a more parietal ERN may reflect delayed maturation in more fearful children (e.g., Brooker et al., 2011; Torpey et al., 2009) .
That anxious behaviors have been theoretically and empirically linked to inefficiencies in cognitive processing is also notable. In children, broadly distributed neural activity reflects cognitive inefficiency (Casey et al., 1997) , as greater recruitment of neural resources is needed to maintain performance. While structural imaging data are necessary to distinguish inefficiency and immaturity, inefficient processing, similar to that seen in adults, may also be a plausible explanation for the presence of a non-localized ERN in high-fear children.
Unexpectedly, low-fear children did not show differences in neural processing during correct and error trials. Risk for externalizing problems has been linked to temperamental surgency, one aspect of which is low fearfulness (Martin & Fox, 2006) . If children at risk for anxiety problems are hyper-reactive to errors, children at risk for externalizing problems may be hypo-reactive to errors. Such reasoning has been used to explain reduced ERN in children with attention deficit hyperactivity disorder relative to controls (Steiben et al., 2007) . However, inconsistent findings (e.g., Wiersema, van der Meere, & Roeyers, 2005) suggest that additional work will be needed to clarify links between ERN and externalizing risk. Downloaded by [Montana State University Bozeman] at 10:25 09 January 2014 FIGURE 1 Response-locked event-related potential (ERP) waveforms at Fz, Cz, and Pz for high-fear, moderate-fear, and low-fear children. X-axis presents time in milliseconds (msec). Y-axis presents amplitude in microvolts (µV). For all groups, solid lines represent neural activity on error trials; broken lines represent neural activity on correct trials. Arrows are used to highlight the error-related negativity (ERN) effect.
Limitations
Although our sample size and group ns are comparable to or larger than other samples from this domain of research (e.g., Ladouceur et al., 2006; Torpey et al., 2009; Wiersema et al., 2005) , Downloaded by [Montana State University Bozeman] at 10:25 09 January 2014 a small sample of such young participants may mean that residual artifacts still exist in ERP averages. Thus, replications of this work in larger, longitudinal samples will be necessary.
Additionally, levels of fear may have been restricted in high-fear children. Parents of highly fearful children may have been less likely to enroll in the parent study. This possible bias is not uncommon in studies of temperamental fearfulness and should be considered when interpreting results.
Implications and Future Directions
The current work offers preliminary evidence for the role of ERN as a marker of early risk for anxiety problems. Given an association between ERN and pre-clinical levels of fearfulness, our results suggest ERN is not simply a correlate of anxiety symptoms, but may denote an early risk for anxiety problems associated with heightened performance monitoring.
